The local structure of the Cu(100)c(4x2)-PF 3 adsorption phase has been investigated through the use of normal-incidence X-ray standing waves (NIXSW), monitored by P 1s and F 1s photoemission, together with P K-edge near-edge X-ray absorption fine structure (NEXAFS). NEXAFS shows the molecule to be oriented with its C 3v symmetry axis essentially perpendicular to the surface, while the P NIXSW data show the molecule to be adsorbed in atop sites 2.37±0.04 Å above the surface, this distance corresponding to the Cu-P nearest-neighbour distance in the absence of any surface relaxation. F NIXSW indicates a surprisingly small height difference of the P and F atoms above the surface 0.44±0.06 Å, compared with the value expected for an undistorted gas-phase geometry of 0.77 Å, implying significant increases in the F-P-F bond angles. In addition, however, the F NIXSW data indicate that the molecules have a well-defined azimuthal orientation with a molecular mirror plane aligned in a <011> substrate mirror plane, and with a small (5-10°) tilt of the molecule in this plane such that the two symmetrically-equivalent F atoms in each molecule are tilted down towards the surface.
Introduction
The chemisorption properties of phosphorous trifluoride, PF 3 , have attracted significant interest due, in large part to the strong similarity as a ligand in metal coordination chemistry to that of CO, although with most transition metals it bonds only in a singlycoordinated fashion. Studies of PF 3 adsorption on extended surfaces of several metals appear to indicate similar behaviour, but have also served as model systems for the study of electron-induced dissociation and desorption phenomena. The great majority of these investigations have been on three-fold symmetric substrates: Pd(111) [ 1 1 ], Ni(111) [ , 2, 3, 4] , Pt(111) [5] , Ru(0001) [6] , Cu(111) [7 3 ], and in the case of Ni(111) and Cu(111) quantitative structure determination (mainly based on normal-incidence X-ray standing Waves (NIXSW) [ , 7] and scanned-energy mode photoelectron diffraction (PhD) [4] ) have shown the bonding to be to singly-coordinate atop sites, with the molecular C 3v symmetry axis essentially perpendicular to the surface. One interesting aspect of the adsorption of PF 3 on these surfaces is the extent to which the adsorbed molecules are azimuthally aligned, or are freely rotating about their C 3v symmetry axis.
On both Ni(111) [2] and Ru(0001) [6] it has been shown, using ESDIAD (electronstimulated desorption ion angular distributions), that at low coverages (~0.04 ML) azimuthal alignment occurs only at low temperatures (typically ~ 80 K or less), but at saturation coverages of 0.25 ML or 0.33 ML, free rotation is suppressed even at room temperature. This latter finding is broadly consistent with the fact that the intermolecular distances in these high-coverage ordered phases (4.97 Å and 4.68 Å, respectively) are significantly smaller than the estimated van der Waals diameter (relative to the symmetry axis and thus parallel to the surface) of about 5.4 Å [1] , leading to steric hindrance of the rotational movement. There has also been some interest in the vibrational motion of the adsorbed PF 3 molecules relative to the surface, the atop adsorption site tending to favour large-amplitude frustrated translational motion parallel to the surface, first noted in NIXSW experiments on Ni(111) [3] .
Somewhat more recently Braun et al. [ 8 ] have investigated the properties of PF 3 adsorption on a four-fold symmetric surface, that of Cu(100), using, in particular, elastic and inelastic helium atom scattering. Their results show the formation of a c(4x2) ordered phase at a nominal coverage of 0.25 ML (see Fig. 1 ) for which the nearest-and nextnearest intermolecular distances are 5.11 Å and 5.71 Å, values that may, or may not, be sufficiently short to allow azimuthal rotation of the adsorbed molecules. This study also provided clear evidence of a frustrated translational surface vibration, and also identified a higher coverage incommensurate phase at low temperature that, by implication, must involve at least some molecular adsorption in multiply-coordinated sites.
Here we present the results of an experimental investigation of the Cu(100)c(4x2)-PF 3 surface phase using NIXSW and NEXAFS (near-edge X-ray absorption fine structure).
NIXSW [9, 10 ] involves the measurement of the element-specific X-ray absorption, in the present case by monitoring the P 1s and F 1s photoemission signal, in an X-ray standing wavefield established due to the interference of the incident and scattered X-rays at a Bragg reflection in the crystalline sample. By monitoring the absorption profile as the photon energy is scanned through the Bragg condition, leading to a systematic shift in the location of the standing wavefield, the location of the absorbing atoms relative to the substrate scatterer atoms can be determined. Complementary information on the adsorbed molecular orientation is provided by the polarisation-angle dependence of the NEXAFS signal. Together these methods allow us to determine the local adsorption geometry, and specifically, the adsorption site, and to explore the evidence for azimuthal ordering.
Experimental details
The experiments were conducted in a purpose-built UHV surface science end-station taking radiation from a double-crystal monochromator (station 6.3) installed on the SRS (Synchrotron Radiation Source) at the CCLRC Daresbury Laboratory. The NEXAFS spectra and the NIXSW absorption profiles were obtained by measuring the intensity of an element-specific Auger or photoelectron emission peak using a concentric hemispherical electron-energy analyser (VSW Ltd) mounted in the horizontal plane at a fixed angle of 40° to the incident synchrotron radiation. The Cu(100) sample was prepared by the usual combination of X-ray Laue orientation, spark machining, mechanical polishing, and in situ argon ion bombardment and annealing cycles until a clean well-ordered surface was obtained as indicated by Auger electron spectroscopy (AES) and low energy electron diffraction (LEED). Adsorbate dosing of the surface was effected by exposing the sample at a temperature of 110 K to PF 3 gas introduced into the chamber to a typical pressure of 5x10 -8 mbar. An exposure of 2x10 -6 mbar.s appeared to be sufficient to ensure saturation coverage within a single layer; higher exposures led to no further adsorption and no formation of multilayers. The sample was then briefly annealed to 180 K to ensure that only the c(4x2) phase was present on the surface and not the higher-coverage incommensurate phase found by Braun et al. [8] for temperatures below 145 K. Adsorbed PF 3 is known to have a high cross-section for electron beam desorption and dissociation (e.g. [7, 8, 11, 12, 13 13 ]), so LEED and AES data recorded from the adsorbate surface (to check for contaminants such as oxygen and carbon) were carried out only after the NIXSW or NEXAFS measurements had been completed. These checks with LEED did reveal the expected c(4x2) diffraction pattern, but this was only seen for a few seconds before being replaced by a (1x1) structure, clear evidence of this radiation damage. Incident photons can also cause fragmentation (probably by an electron-mediated process) of adsorbed PF 3 , leading to characteristic chemical shifts in the P 2p and 1s photoemission spectra associated with the PF x fragments (e.g.
[ , 14, 15 ] ), but careful checks of the P 1s and F 1s photoemission spectra before and after the NIXSW measurements (which typically took ~ 3 hours) showed no such effects; this lack of damage may be attributed to the use of a low incident flux-density of relatively poorly-focussed bending-magnet synchrotron radiation.
For the NIXSW measurements, X-ray absorption in the copper substrate was monitored by the intensity of the Cu L 3 VV Auger transition (920 eV). The absorption at the F and P atoms was obtained by monitoring the intensities of the F 1s photoemission (697 eV binding energy) and P 1s photoemission (2146 eV binding energy) signals. In most cases these intensities were taken as the difference between the electron emission at the peak energy and the intensity measured at a kinetic energy a few eV higher. In the case of the NIXSW experiment from the (111) scatterer planes (Bragg energy ~2975 eV), however, a different approach (previously described by Jones et al. [7] ) was necessary to monitor the X-ray absorption at the P atom. This is because, over the range of the photon energy used, the P 1s photoemission peak crosses the Cu L 3 M 2,3 V Auger peak, at 840-849 eV kinetic energy, on the high photon energy side of the standing wave condition. In order to achieve effective separation of the intensity contributions from these two peaks, a wide range energy distribution curve (EDC) of the Cu Auger peak was recorded using a photon energy set to a value ~170 eV below the Bragg energy, chosen so that the P 1s peak is not present in this range. This EDC (after normalisation to the X-ray beam flux) was then used as the standard structured background spectrum. A series of narrow EDCs of the P 1s peak for a set of photon energies across the standing wave condition was then obtained and each normalised to the X-ray beam flux. The standard background spectrum was then matched to the high kinetic energy end of these individual P 1s EDCs by a multiplication factor, and subtracted from the narrow EDC, leaving just the P 1s photoelectron peak. The P 1s spectra obtained in this way were fitted using a DoniacSunjic line shape [16 ] , and the peak heights were extracted to form the absorption curve for phosphorus. The fitting factors used in this background subtraction procedure reproduce the fluctuations in the copper substrate background emission intensity through the standing wave scan, and can be used as a measure of the NIXSW absorption signal in the copper substrate.
Phosphorous K-edge NEXAFS data were obtained by monitoring the P KLL Auger peak intensity (KE 1859 eV) as the X-ray energy was scanned through the P K-edge (2146 eV).
Spectra were recorded in five different incidence angles; using the standard NEXAFS nomenclature of the grazing incidence angle (the angle between the photon beam and the surface plane), these were 90° (normal incidence) 60°, 45°, 30° and 15°.
Results and structural analysis

NEXAFS
The P K-edge NEXAFS spectra are shown in Fig. 2 . Individual spectra are normalised to the incident X-ray beam and then all five spectra were normalised to a constant edge jump (far above the edge), to match around the first EXAFS oscillation at ~2165 eV. This 6 is considered an adequate procedure as variations in the intensities of the EXAFS oscillations with detection angle are expected to be small compared to the variations in the NEXAFS peak intensities, which are our primary concern here. Two clearly-resolved NEXAFS peaks, at ~2146.5 eV and ~2152.5 eV, are seen. When the sample is moved towards normal incidence the first peak grows in intensity and the second peak disappears, whereas at grazing incidence the second peak grows and the first peak fades. As described in [7] for the same molecule adsorbed on Cu(111), the lower energy peak is associated with a transition from the fully symmetric P 1s state into the lowest unoccupied π-symmetry (strictly e-symmetry) 7e orbital of the molecule, partially occupied by π back donation from the metallic d orbitals, whilst the second peak corresponds to the transition to the σ-symmetry 8a 1 orbital of molecule. In fact, inspection of fig. 2 indicates that the σ-resonance peak consists of two components with identical or closely similar dependence on the polarisation direction. Why this should be in unclear; a tilt of the molecule on the surface could lead to a splitting of the π-state due to loss of degeneracy of the π x and π y state, but there should be no equivalent effect on the σ-state. However, we make no explicit use of the σ-resonance peak, and so do not consider this problem further. The degree of polarisation of the synchrotron radiation at these energies is 90%, with the electric vector in the plane of the incidence, and this means that at normal incidence the electric vector is parallel to the crystal surface, whereas at 0° grazing incidence it would be perpendicular to the surface. Therefore the absence of the a 1 peak at normal incidence and the large drop in intensity of the esymmetry peak on going to grazing incidence shows that the C 3v axis of the molecule is aligned perpendicular to the surface. No detailed quantitative analysis of these peak intensities has been undertaken, but it is clear that the near-edge π-resonance at grazing incidence is either extremely small or of essentially zero intensity depending on the position of the continuum edge-jump. As such, we conclude that the molecule has this perpendicular orientation to within a typical NEXAFS precision of ± 10° (e.g. [17 ] ).
NIXSW
The NIXSW absorption profiles monitored from the P 1s and F 1s photoemission signals through the (200) and (111) reflection conditions are shown in fig. 3 . These experimental NIXSW profiles were analysed using the XSWfit automated fitting procedure [ 18 9 ].
NIXSW analysis provides two structural parameters [ , 10, 19 ] These parameters were determined by fitting the substrate standing wave profile, and were then fixed for the analysis of the adsorbate absorption profiles, which were then fitted by only adjusting the adsorbate structural parameters.
For a more general understanding of the relationship between the XSW structural parameters of the coherent position and coherent fraction, and the actual positions of absorber atoms, a rather more formal discussion is required. In particular, to analyse situations involving two or more distinct absorber sites one exploits the finding that the coherent fraction and coherent position can be related to the spatial distribution of the absorber atoms relative to the nearest scatterer plane f(z), defined by the spacing
where D H is the bulk interlayer spacing of the H scatterer planes [9, 10, 19] . 
The NIXSW structural parameter values obtained from the data of fig. 3 are summarised in Table 1 , while the quality of the resulting fits to the experimental data are shown in fig.   3 . These functional fits, both based on monitoring 1s photoemission signals, include the effects of non-dipole effects in the angular dependence of the photoemission, leading to a forward/backward asymmetry parameter Q, and to a small offset in the coherent fraction due to a phase factor introduced by these non-dipole effects. The values of these correction terms have been determined in previous calibration experiments for the Cu(111) and (200) NIXSW energies [21 ] ; specifically Q values for the (111) and (200) conditions used were, respectively, 0.18 and 0.25 for P 1s, and 0.25 and 0.31 for F 1s.
Note that the error estimates in Table 1 are based on the scatter of several different experimental measurements; error estimates based on the least-squares fitting to individual data sets are actually significantly smaller.
In order to interpret these structural parameters in terms of the actual structure, we consider first the P atom which we expect to be bonded to the surface in a single atomic site. In this context we note that the value of f (200) is quite close to unity, reinforcing the view that all P atoms have essentially the same height above the surface. The (200) coherent position provides information on the height of the P atom above the Cu(100) 9 surface, but because the XSW measurement provides the distance of the atoms from the nearest extended substrate scatterer plane, the true height above the outermost Cu atom layer is z (200) = d (200) + nD (200) , where n is an integer. In principle, n could take any integral value, but in practice only one value is likely to lead to a plausible Cu-P nearestneighbour distance. Notice, though, that if the outermost interlayer spacings of the Cu(100) surface are relaxed, the net relaxation will constitute a systematic error between z (200) as determined by this equation, and the true nearest-neighbour Cu-P interlayer spacing. In practice, it is highly improbable that this net relaxation (i.e. the relaxation integrated over all relaxed layers, which typically have alternating sign with layer thickness) is greater than 0.1 Å, and is almost certainly much less than this, so this problem has a minimal impact on the proper choice of n. Table 2 shows the Cu-P nearest-neighbour distances (assuming no net relaxation) for n values of 0 and 1 for each of the three highest-symmetry adsorption sites, namely onefold coordinated atop, 4-fold coordinated hollow, and two-fold coordinated bridge sites.
A NIXSW study of PF 3 adsorption on Cu(111) [7] inferred a value of the Cu-P distance of 2.25±0.04 Å, so we may expect a value on Cu(100) within about 0.1 Å of this value.
The only structure in table 2 
These predicted values are included in Table 2 , which shows that the atop geometry (with n = 1) would be expected to yield a d (111) value almost identical to the measured value. Notice that Table 2 also shows that, on the basis of the triangulation of the (200) and (111) XSW parameters alone, there is an ambiguity between the atop site with n=1, and the hollow site with n=0. This is because both sites correspond to the P atom lying at the same height atop a Cu atom, in one case atop a first layer atom, in the other case atop a second layer atom. The XSW technique does not distinguish these situations, but the different implied Cu-P nearest-neighbour distances clearly allows us to reject the hollow site model. The clear conclusion that the PF 3 molecule adsorbs in a one-fold coordinated atop site on Cu(100) is, of course, consistent with our expectations of the general chemistry of this species. One further feature of the NIXSW data that is qualitatively consistent with this conclusion is the fact that for the P atoms the value of f (111) is significantly lower than that of f (200) . In studies of a range of molecular adsorbates on surfaces, using both NIXSW and photoelectron diffraction, we have found evidence for atop-bonded species to show largeamplitude wagging vibrational modes corresponding to frustrated rotation, with most of the motion parallel to the surface. In NIXSW such motion has little effect on the coherent fraction measured for standing wave nodal planes parallel to the surface, as the height variation is small, but leads to a marked reduction of the coherent fraction for measurements with nodal planes steeply inclined relative to the surface. For example, this effect was seen in a NIXSW study of PF 3 adsorbed (in atop sites) on Ni(111) using the (111) (scatterer planes parallel to the surface) and (111 ) (scatterer planes inclined at 70° to the surface), for which the P coherent fraction values were 0.8 and 0.5, respectively, attributed to a root-mean-square (rms) vibrational amplitude parallel to the surface of approximately 0.27 Å [3] . The reduction of the coherent fraction between the (200) and (111) NIXSW in the present case could be reconciled with a very similar value of the rms vibrational amplitude. Of course, an alternative source of this reduced f (111) value could be a static rather than dynamic offset of the P atom from the exact atop site by a similar amount, implying a tilt of the Cu-P bond relative to the surface normal.
For further information on the adsorption geometry we now turn to the F (200) NIXSW structural parameter values of Table 1 . As for the P atom, the only plausible value of z (200) corresponds to adding one bulk interlayer spacing to the measured d (200) , leading to a value 2.81 Å, just 0.44 Å higher above the surface than the P atoms. This small difference in height of the P and F atoms is surprising. In the gas-phase molecule the P-F distance projected onto the C 3v symmetry axis is 0.77 Å, and the NIXSW studies of PF 3 adsorbed on Ni(111) [3] and Cu(111) [7] the height difference of the P and F atoms above the surface was found to be 0.75±0.15 Å and 0.80±0.06 Å respectively, both consistent with adsorption of an undistorted molecule adsorbed with the molecular C 3v axis perpendicular to the surface. In the present case the much smaller interlayer spacing of the P and F atoms clearly implies a substantial increase in the F-P-F bond angles relative to the gasphase molecule if the molecular symmetry axis is perpendicular to the surface. A tilt of this axis, however, could partially account for the reduction in the average P-F interlayer spacing relative to the surface normal. Of course, tilting the PF 3 axis leads to some F atoms moving down and others moving up, but if the tilt plane corresponds to a mirror plane of the molecule such that two F atoms move down and one moves up, the weighted average height, as monitored by the coherent position, is reduced. Such a difference in height of the F atoms relative to the surface could also account for the fact that f (200) for the F atoms is significantly lower than the value for the P atoms.
In order to explore this idea a little further a simple calculation was undertaken of the (200) F coherent position and coherent fraction, as a function of the tilt angle of the C 3v molecular symmetry axis, and of the F-P-F angle, assuming the P-F bondlength is fixed at the gas-phase value of 1.57 Å and the difference in the P and F coherent positions is 0.44 Å, as measured. A solution was found with a tilt angle of 13°, but this solution also retains the large F-P-F bond angle distortion, the projection of the P-F bond along the molecular symmetry axis being 0.47 Å, only slightly larger than the difference in the d (200) values. Nevertheless, it is notable that such a tilt angle would place the P atoms 0.53 Å off atop, leading to a 40% reduction in f (111) relative to f (200) (see fig. 4 
discussed below).
This is a significantly larger effect than that seen in the experimental data, so while a small tilt may help to reconcile some aspects of the (200) coherent fractions, other sources of disorder must contribute. Significantly, the much-reduced P-F spacing along the molecular symmetry axis is not significantly changed by incorporating tilting, so this effect seems to be an inescapable implication of the experimental data.
We finally turn to the (111) NIXSW parameter values for the F atoms; can this information provide any specific information on the lateral positions of the F atoms and thus the azimuthal alignment of the adsorbate PF 3 species? The fact that f (111) is very significantly larger than zero suggests that some such information should be available. Of course, for any location of the three-fold symmetric PF 3 molecule on the four-fold symmetric Cu(100) surface, at least some of the F atoms must be in low symmetry sites relative to the substrate, so we need to understand how the (200) and (111) XSW structural parameters triangulate for low symmetry adsorption sites. This can be established through the use of equation (2) Notice that these arguments relate to a static tilt of the molecular axis. The reduced f (111) value for the P absorbers could be attributed to either dynamic time-averaged tilt of the molecular axis, or a static tilt (averaged over symmetrically equivalent domains). The same is not true in attempting to understand the f (111) value for the F absorbers, which is actually higher than would be expected for a rigid perpendicularly-aligned molecule. In particular, this increase in the coherent fraction is associated with a particular sign of the tilt in a particular azimuthal direction; tilting in the opposite sense would lead to a reduced value of f (111) , so a wagging motion symmetric about the surface normal will not have the same effect as the static tilt.
General Discussion and Conclusions
The NIXSW data presented here clearly show that the PF 3 species in the Cu(100)c(4x2)-PF 3 surface phase are adsorbed in one-fold coordinate atop sites, the triangulation of both the P and F atom coherent fractions supporting this interpretation, with the molecular C 3v axis at least approximately perpendicular to the surface. This result is consistent with all other quantitative structure determinations for PF 3 adsorbed on surfaces, and with the known behaviour of PF 3 as a ligand in coordination chemistry. The P K-edge NEXAFS data also clearly support this molecular orientation, although these data do not exclude the possibility of a small (~10°) static or dynamic tilting of the molecular axis. The reduced value of the NIXSW (111) coherent fraction for the P absorbing atoms could be due to a substantial amplitude of atomic vibrations parallel to the surface, consistent with a similar conclusion for PF 3 adsorbed on Ni(111) [3] , and with the observation of a frustrated translational mode in an inelastic helium scattering investigation [8] of the same surface phase on Cu(100) investigated here. However, this reduced P coherent fraction could also be due to a static, rather than dynamic, lateral offset of the P atoms from the exact atop site that would accompany a molecular tilt. In this regard it is notable that more detailed consideration of the coherent fractions for the F absorption data, indicates a significant preference for a slight tilt of the molecular symmetry axis such that a molecular mirror plane is aligned in the <011> azimuth, with the two equivalent F atoms tilted down closer to the surface. The static tilt required to achieve this improved description of the NIXSW is only ~5-10°, well within the estimated precision of the NEXAFS result. Incorporating this static tilt also defines the azimuthal orientation of the PF 3 species as having their molecular mirror plane aligned in the <011> close-packed direction of the Cu(100) surface.
While at first sight the implied molecular tilt is surprising, and has certainly not been seen in any previous studies of adsorbed PF 3 , inspection of fig. 1 serves to remind us that introducing a three-fold symmetric molecule onto a four-fold symmetric substrate leads to a system of much-reduced symmetry, with only a single mirror plane remaining. This contrasts with all previous adsorption studies of PF 3 conducted on three-fold symmetric substrates. Notice, too, that the plane in which the molecular tilt is proposed, the <011> direction of the upper diagram of fig. 1 (which shows the preferred azimuthal orientation of the molecules) corresponds to the direction of the closest intermolecular distances, a value less than the estimated van der Waals radii. It is thus only in this direction that the intermolecular interactions can prevent the free rotation of the adsorbed PF 3 species, and in the absence of such free rotation there is no static or time-averaged two-fold rotational or mirror symmetry to preclude tilting. As such, there is no reason not to expect tilting in thus direction.
There remains, however, one unexplained feature of the results presented here, namely the significant reduction of the projection of the P-F bondlength along the molecular symmetry axis, implying a substantial increase in the F-P-F bond angles relative to the gas-phase species. In the gas-phase molecule it is known that the umbrella vibrational mode of the molecule is rather soft, so this distortion is unlikely to have a high energy cost, yet no such distortion appears to occur in the same species adsorbed on both Ni(111) and Cu(111). Two differences between the Cu(100) surface on the one hand, and the Ni(111) and Cu(111) surfaces on the other, could be relevant. One is that the rotational symmetry mismatch of the molecule and the surface on Cu(100) makes a solution with a tilted molecule more likely (and indeed, we find evidence for such a tilt) and this brings (tow of) the F atoms closer to metal surface and thus more able to interact with it. The second is that the packing density of the molecules in the Cu(100)c (4x2) phase is ~15% lower than in the Ni(111)(2x2) surface, although the intermolecular distance is almost identical. This could mean that it is easier to accommodate the larger van der Waals radii of the distorted PF 3 molecules (with enlarged F-P-F angles) on the Cu(100) surface. Unfortunately, no ordered LEED pattern was seen in the Cu(111)/PF 3 system (perhaps due to enhanced electron-beam desorption cross-sections) so we can only surmise that saturation on this surface would also lead to a (2x2) ordering. However, neither of these differences between the (100) and (111) surfaces seems to offer a compelling reason for expecting the significant difference in F-P-F bond angles, and it would certainly be of interest to see if this difference is reproduced by modern totalenergy calculations for these systems. Table 2 Implications of specific P adsorption sites compatible with the measured NIXSW d (200) value and the predicted d Table 1 . Reduced photon energy steps were used in the data collection in the most structure-sensitive range at energies close to the nominal Bragg energy.
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